Earthborne vibrations are induced by construction operation such as pile driving, roadbed compaction, and blasting and also by transit activities such as truck and trains. The earthborne vibration creates the stress waves traveling outward from the source and can structurally damage nearby buildings and structures in the forms of direct damage to structure and damage due to dynamic settlement. The wave propagation characteristics depends on impact or vibration energy, distance from the source, and soil characteristics. The aim of this paper is to provide a comprehensive review on the mechanistic of earthborne vibration and the current practice of vibration control and mitigation measures. The paper describes the state of knowledge in the areas of: (1) mechanics of earthborne vibration, (2) damage mechanism by earthborne vibration, (3) calculation, prediction of ground vibration, (4) the criteria of vibration limits, (5) vibration mitigation measures and their performance, and (6) the current practice of vibration control and mitigation measures.
Introduction
Ground vibrations are generated by construction activities (i.e. dynamic compaction, roadbed compaction, pile driving, blasting) and also heavy and high-speed vehicle such as train and truck (referred as transit vibration). Compared to the construction-induced vibration, transit vibrations are relatively small, thus may not cause structural damage to nearby buildings. In most cases, normal transportation projects do not involve building damage (Hanson et al. 2006 ). This transit vibration can cause feelable movement of building floors, rattling of doors and windows, and shaking items on shelves along with rumbling sounds. Vibration exceeding the threshold of perception often occurs human annoyance. The level of vibration causing the annoyance is well below the threshold of building damages.
Earthborne vibrations generate stress waves (or referred as seismic waves) that propagate outward from the vibration source through soil media. Depending on the vibration energy and distance from the source, the stress waves may or may not cause damages on nearby structures. If those traveling stress waves are superimposed on the static or residual stresses due to building loads or geostatic condition in the ground, more damages may occur. The earthborne vibration discussed in this paper is mainly referred to the ground vibration due to construction activities. The vibration criteria, vibration control and mitigation measures reviewed in the paper can be applied to both construction and transit vibration problems.
The most common practice is the criteria of vibration limit during construction such as pile driving and roadbed compaction, which can be used as guideline for the contractors. Woods (1997) indicates that the criteria need to include structural damage and human annoyance as well as operational activities (i.e. vibration-sensitive research labs or hospital operations). In addition, to ensure the performance of contractors, preconstruction survey of nearby structures and monitoring of ground vibrations during the construction are common. In case in which we already
Mechanics of Earthborne Vibrations
Richart et al. (1) demonstrated the elasticity theory of stress waves traveled through soil media. Fig. 1 shows the characteristics of particle motion for the two body waves (compression (P) and shear (S) waves) and the surface (Rayleigh) wave. P waves involve the particle motion of to-and-fro in the wave-traveling direction while S waves contain the particle motion in the plane perpendicular to the traveling direction. In the Rayleigh wave, the vertical and horizontal motions are complexly combined depending on the Poisson's ratio () and the depth below the surface. The speed of traveling stress waves depends on the stiffness and unit weight of soil media.
Three important features of the stress waves are wave velocity (speed), wave direction, and particle motion. The difference between wave speed and particle velocity should be clearly understood. The wave velocity refers to the speed of wave traveled through the ground and, for instance from a vibration source to a nearby structure. On the other hand, the particle velocity means how fast an individual soil particle oscillates (the speed of particle oscillation in "at-rest" position). Ground vibration monitoring commonly measures the particle velocity (referred as peak particle velocity (PPV)) by using velocity transducers or geophones.
The Rayleigh wave has the predominant energy of the induced stress wave and it propagates through the surface layer. Wave attenuation over distance is determined by material properties. As shown in Fig. 2 , the wavelength of surface waves determines its penetration depth. In other words, shorter wavelength (with higher frequency) penetrates shallower depth while longer wavelength (with lower frequency) penetrates deeper depth. Generally, we look into the soils at half-wavelength depth in surfacewave methods such as spectral-analysis-of surface wave (SASW). Assuming a typical wave velocity (say 183 m/s (600 ft/sec) for sand soils), we can estimate the wave- (Richart et al. 1970) .
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 97  length of pile-driving and vibratory-compactor waves. Generally, the predominant frequencies of pile driving and vibratory compaction (roadway application) are about 5-60 Hz and 20-30 Hz, respectively.
Damages by Groundborne Vibration

Direct Damage to Structures
Structurally damaging vibrations may also be of a wide range of amplitudes and frequencies. When the natural frequencies of structures and the frequencies of ground vibrations are not matched each other, direct damage to structures occurs due to a soil-structure interaction. Evidence of structural damage often starts with the development of cracks in a structure. Other evidences may be broken or cracked windows, building distortion due to settlement, or water leaking into a basement or out of a sewer or other conduit. These kinds of damages can be found within a distance of about one-pile length (about 15 m) from the driven pile and about 122 m (400 ft) from detonations and these distances can be significantly larger for sensitive structures (Woods 1997) . Fig. 3 shows historically early vibration limits for structures and machines combined with human perception limits. Rausch (1942) determined the limit for machines and machine foundations as 25 mm/sec up to 32 Hz, then 0.5 g to 100 Hz. The limits for structural damage were set at 50 mm/sec peak particle velocity up to 3 Hz and at 0.1 g acceleration to 100 Hz by the Bureau of Mines, as reported by Siskind et al. (1980) . Siskind et al. (1980) has reported that direct minor and major structural damages are observed on one-to two-story houses without resonant structural responses within the velocity range of Barkan (1962) suggested a threshold of vibrocompaction in acceleration unit for retaining the stability of soil. Approximate determination of dynamic settlement was performed based mainly on vibration amplitude. Massarsch (1992) assessed the settlement as percentage of thickness of soil layer which depends on soil density expressed with respect to ground acceleration and cone penetration resistance. Kim et al. (1994) and Kim and Drabkin (1995) studied how settlement depends on vibration parameters, state of stresses, and properties of sand in drained conditions.
In general, cohesive soils do not involve settlement problem due to pile driving; however, many reports show that there are many cases of settlement of sands caused by pile driving vibrations. Youd (1972) describes the volume change of sands going through cyclic shearing in the laboratory. He developed curves on a graph which are related to void ratio, number of cycles of shearing, and shear strain amplitude. Clough and Chameau (1980) reported measurement of settlement as a result of sheet pile driving in San Francisco. Piles 11 to 15 m long were driven in the soil and the rapid decay fits well with Equation 1. His study shows that settlement reduces to zero at a horizontal distance of about one pile length from the pile. Lacy and Gould (1985) provide a review of 9 cases of pile driving settlement. The conclusions of this study are that (1) settlement from a loose pile driving to medium compact uniform sand can cause settlement with the PPV of about 50 mm/sec and (2) Cohesionless soils have higher potential of settlement. Leathers (1994) describes a scene at which serious settlement arose due to driving load-bearing , were driven to depth of 29 to 39 m in the profile. About 1.3 percent of the average volume change of the soil was found at the scene within the depth of pile driving due to displacement of soil. Picornell and del Monte (1985) describe settlement from driving steel H-piles at a steel mill that caused settlement of pier foundations up to 254 mm. The predominant soil was loose to medium dense sand.
Calculation of Ground Vibration
Wave Attenuation Method
As the stress wave propagates through the ground, the energy of wave will be reduced because of geometric or radiation damping. For instance, dropping a pebble in a still pool can show the phenomenon of geometric damping as the wave propagates. The wave attenuation of all three seismic waves can be represented in the mathematical form as below.
(1)
Where A 1 = amplitude of ground vibration at a distance r 1 , A 2 = amplitude of ground vibration at a distance r 2 , and n = power depending on type of wave.
The ground itself has some damping capacity known as material (or hysteretic) damping Bornitz (1931) . This material damping can be combined into Eq. 1 including the geometric damping. Woods and Jedele (1985) suggested the modified attenuation equation as below. (2) where  = coefficient of attenuation in units of 1/distance. The value of  depends on the character of the ground; softer materials generally have greater  values, whereas harder materials have smaller  values. Woods and Jedele (1985) presented a proposed classification for coefficients of attenuation, , for earth materials (Table 1 ).
Scale Distance Method
Wis (1981) suggested another model of wave attenuation which is a scale-distance method. The best fit of field data was constructed and its equation is presented as below. (3) where v = peak particle velocity of seismic wave, k = value of velocity at one unit of distance, D = distance from vibration source, and n = slope or attenuation rate.
Unlike the Bornitz equation (Eq. 2), the n rate is not classical attenuation but it is a kind of a pseudo-attenuation coefficient. Wiss (1981) also included the source energy in the attenuation equation, which is referred as a scale-distance equation as follows: (4) where E n = energy of the source.
Heckman and Hagerty (1978) constructed a similar equation relating the energy of pile driving to the distance of a target structure from source. This vibration prediction equation is based on Wiss's equation and includes a K-factor related to the pile impedance. (5) where K = factor dependent on pile impedance (Impedance, I, is a function of P-wave in pile and cross-sectional area of pile), E n = energy of blow, and D = distance from source. The values of K in Eq. 5 were developed from eight pile types versus hammer energy combinations.
IRFP Method
Svinkin (2002) developed the Impulse Response Function Prediction (IRFP) method that predicts complete timedomain records on existing soils, buildings, and equipment in advance of the installation of impact machine foundations. Basically this method is based on the utilization of the impulse response function (IRF) technique which has several advantages : (1) No requirement of soil boring, sampling, or testing at the site, (2) No need to use  99  mathematical models of soil profiles, foundations, and structures in practical application, and (3) Providing the flexibility of implicitly considering the heterogeneity and variety of soil and structure properties, which means there are no assumptions about soil conditions and structural properties. As it was shown in Svinkin (1996) , this method can be used to predict ground and structure vibrations from construction sources, such as impact pile driving and dynamic compaction. Wave equation analysis can be an alternative method to assume a pile movement, but it is necessary to emphasize that the pile movement can be also assigned arbitrarily (for example, as a dampened sinusoid) because ground vibrations at some distance from a dynamic source depend only on the dynamic force transmitted on the ground and soil properties (Svinkin 2002 ).
Vibration Limit Criteria
Transient Event Criteria
Various limits of ground vibration have been proposed by Federal, State, and foreign agencies. Some criteria are to mitigate the structure damage due to ground vibration while some are the noise mitigation limit to minimize human annoyance. In this section, the criteria of transient event are summarized.
U.S. Office of Surface Mining (OSM) -
The U.S. Bureau of Mines has published the most frequently quoted empirical blast vibration damage criteria of residential construction after a decade-long research program to measure and evaluate earthborne blast vibrations and their effects on structures (Nichols et al. 1971) . In this document, regardless of the frequency of vibration, a peak particle velocity of 51mm/sec (2 in./sec) is recommended for a criterion. About a decade later, Siskind et al. (1980) recommended that this criterion be modified by reducing the maximum allowable particle velocity for vibration frequencies less than 40 Hz in his additional research. Even later, the OSM issued a regulation providing guidance for safe levels of surface blasting for typical residential structures.
The graph shown in Fig. 4 is a revision of frequencybased safe limits for cosmetic cracking published in RI 8507 which is an investigation report of U.S. Bureau of Mines (Siskind et al. 1980 ). The RI 8507 study was focused on preventing architectural damage such as cosmetic cracking in low-rise residential structures contiguous to surface mines. No distinction is made concerning the type construction or age of the building. Four dominant frequency ranges are recognized in OSM criteria: 1 to 3.5 Hz, 3.5 to 12 Hz, 12 to 30 Hz, and 30 to 100 Hz. Svinkin (2005) reported that there are no direct measurements of blasts with dominant frequencies below 5 Hz or and few construction blasts with dominant frequencies above 30 Hz in the RI 8507 study.
British Standard 7385 -In the UK, British Standard (BS) 7385 considers two types of buildings: industrial or heavy commercial and residential or light commercial. BS 7385 adopted the PPV of 51 mm/sec (2 in./sec) criteria which is originally recommended by the US Bureau of Mines for heavy construction, and applied the standard slightly more conservative than the OSM criteria for light construction (Fig. 4) . As is the case for the OSM standard, BS 7385 takes intentionally conservative ground in order for a minimal risk of architectural damage in residential and industrial structures. 
Australian Standard 2187.2 -
German DIN 4150 Standard -The German DIN 4150
Standard is more concerned with human annoyance criteria than building damage. Because of this difference, the criteria have different applications. The DIN 4150 Standard is shown plotted with the OSM Standard in Fig. 4 . The German Standard recognizes that people are more willing to tolerate vibrations in the work place than in their residences.
Continuous Vibration Criteria
Variations from highway traffic, trains, and most construction operations (with the exception of blasting and pile driving) are considered to be continuous vibrations.
Transport and Road Research Laboratory (TRRL) -
The TRRL in the UK has researched continuous vibrations, and proposed the summary of continuous vibration levels and the reaction of people and effects on buildings as presented in Table 2 .
Swiss Standard -The Swiss developed a standard for both transient and continuous vibrations (see Table 3 ). The standard takes into account the type of construction, and includes a category for historic items. This standard is very conservative (Henwood and Haramy 2002).
FDOT Construction Specifications -Section 455 of the FDOT Standard Specifications for Road and Bridge
Construction (FDOT 2004), requires vibration monitoring equipment be installed when structure foundations are constructed in close proximity to existing structures. Upon detecting a PPV equal to or greater than 12.7 mm/ sec (0.5 in/sec), the construction operations must be stopped and referred to the Construction Engineer. 
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Vibration Mitigation Measures
Pile Installation Techniques
Selection of the pile installation method may provide the solution to some difficult pile driving vibration problems. Among the methods that might be chosen in this vein are (1) predrilling, (2) jetting, (3) cast-in-place (CIP) or auger cast piles, (4) nondisplacement piles like H-piles, (5) type of driver (vibratory in place of impact), and (6) Predrilling technique can be used to insert the pile at its ultimate depth where vibrations will be generated. Avoiding stiff layers would be desirable. Jetting of piles can sink a pile to the depth at which sufficient bearing capacity is expected. It is recommended that the jetting bypass shallow and harder layers that possibly generate large vibrations near the surface. Jetting, however, can cause similar problems as the predrilling associated with subsurface contamination releases, vapors, spoils, and contaminated water (PS&S Engineering 2006). However, the predrilling may cause contamination issues as well as spoils and possible vapor releases (PS&S Engineering 2006). CIP piles can avoid the impacts of pile driving and minimize ground vibrations; however, sufficient pile capacity sometimes cannot be obtained. The CIP technique is more suitable for the lowcapacity requirement. Nondisplacement piles (H-piles) can minimize vibration problems because no large friction transfer along the shaft is developed and load carrying capacity is expected in end bearing. H piles can reduce the volume change of soil during pile driving and may reduce settlement problems. Severe environmental conditions (i.e. saltwater) may damage the steel H-piles. Replacing an impact pile driver with a vibratory pile driver can reduce vibration problems; however, site resonance issues may occur. Investigating the soil profile will be required to avoid potential of site resonance. Some studies (PS&S Engineering 2006; Rockway Park former MGP 2008) have shown that a high frequency vibratory hammer can reduce vibration and noise compared to a standard vibratory hammer. The amount of improvement is still uncertain. Driving the sheet piles with the high frequency hammer, however, may slow and extend the period of sheet pile installation. Pile cushioning can be used to absorb the impact of pile driving. Woods (1997) reported that the pile cushioning can reduce vibration two times.
Wave Barrier
Controlling a vibration source would be the most effective and easiest method of minimizing construction vibration (Webb 1976 ) but they are sometimes insufficient and inapplicable depending on site and construction conditions. Therefore, a second mitigation strategy to control vibration and noise is "path control", which can be wave barriers (or vibration isolation system). The installation of a wave barrier in the soil can significantly minimize ground vibrations by preventing the transmission of stress waves (Luong 1994 ). The barriers absorb or reflect propagated surface wave and reduce the energy of propagated wave from the source to nearby structures. Wave barrier is typically ether a trench or a thin wall made of sheet piles or similar structural members. Many studies on the wave barrier have been conducted. Summary and findings of the literature reviews are presented below.
Wave Barrier Type
Wave barriers can be divided into two groups: (1) active and (2) passive systems (Woods 1968 ). The two wave barrier types are seen Fig. 1 . Trenches located near the vibration source are called active isolation systems (approximately 1 and 1.5 wavelengths from the vibration source), while trenches remote from the source are called as passive systems. The passive systems placed in the far field from the source are designed to shield surface waves propagated. Geometry, the position and the composition of the barrier systems will affect the performance of vibration reduction. Some studies have indicated that open trenches perform better than in-filled trenches (Beskos et al., 1985; Luong, 1994; Segol et al., 1978) . On the other hand, Massarsch (1991) reported that the performance of in-filled barriers relies on the type and characteristics of filling materials. He also reported that a gas cushion barrier made of cement bentonite shows almost same performance as the open trenches. Xu et al. (2008) reported that soilbags can be used to reduce the vibration induced by traffic and construction machine. The researchers have made further investigations on the effect of barrier depth, trench filling materials, and geometrical criteria published.
Barrier Depth
Barrier depth may be the most important parameter for the trench design. Considering the characteristics of surface wave propagation, in the case of open trenches, the depth needs to be equal or greater than the surface wavelength. Consequently, using the open trenches is somewhat limited to small to medium depth because problems regarding soil instability and ground water table may occur during construction (Woods, 1968) . May and Bolt (1982) reported that, in the active system, the distance between vibration source and barrier is not significant from a practical viewpoint but the depth has significant influence on the vibration reduction. Haupt (1995) also indicated that the effectiveness of passive systems does not depend on the distance from the vibrating source but the dimension (depth and width) of the system. There have been studies showing the relationship between the trench depth and the wavelength of the relevant Rayleigh wave (Ahmad and Al-Hussaini 1991; Al-Hussaini and Ahmad 1991; Al-Hussaini and Ahmad 1996). For the influence of trench width, Fuyuki and Matsumoto (1980) reported that the width is important affecting factor for the shallow open trenches whereas Woods (1968) and Segol et al. (1978) concluded that the width is not a relevant factor.
Trench Material
Many studies have shown good performance of in-filled trenches and they addressed the influence of trench filling materials. Beskos et al. (1985) , Ahmad and Al-Hussaini (1991), Luong (1994) , and Segol et al. (1978) concluded that open trenches are more effective wave barriers than infilled trenches but they also addressed that the open trench applications are not very practical due to the soil (or wall) stability. Al-Hussaini and indicated that concrete, bentonite, soil bentonitemixtures are the most common filling materials. Other materials such as extended polysterene (EPS) and rubber modified asphalt have been used to fill the trench (Zeng et al., 2001; Zhong et al., 2002; Itoh, 2003; Itoh et al., 2005) . A gas cushion barrier made of cement bentonite was introduced by Massarsch (1991) and the study shows the comparable performance to open trenches. Itoh et al. (2005) investigated the performance of aluminum and geofoam as trench materials and his conclusion was that geofoam works better than aluminum. Wang et al. (2006) also studied the performance of geofoam wave barrier and showed the attenuation of stress waves in a concrete layer barrier. Woods (1968) suggested the amplitude reduction ratio, A RR , for evaluating the isolation efficiency of wave barrier systems. A RR is the ratio of the magnitude of vertical displacement with a barrier (A 1 ) to the magnitude of vertical displacement without a barrier (A 0 ) (Woods, 1968; May and Bolt, 1982) . The equation is presented as below.
Geometrical Criteria
Lower A RR provides better the isolation performance of wave barriers. When A RR equal to 0.25 or lower, the wave barrier would provide satisfactory performance (Woods, 
Current Practices of Ground Vibration Control
A survey of state DOTs was by Minnesota Department of Transportation (MnDOT) focusing on the current practices how to mitigate the ground vibration due to urban construction (i.e. road/soil compaction, pile driving, blasting or pavement breaking) as well as heavy traffic loading (Ref) . Key findings of the survey are summarized in Table  6 and additional information is presented herein.
The states of Louisiana and New Hampshire are recently undertaking the researches on the effects of constructionrelated ground vibration and their mitigation measures. Florida has their own recommended practice for estimating the effect of vibratory compaction of hot mix asphalt (HMA) for roadway surface. Several states including Georgia, Montana, New Hampshire, and New Jersey, have general guidelines or standard specifications to cover constructions involved with vibration impacts. None of the state DOTs address on the subject of educating the public in their policies, standards, or practices. 
Summary and Conclusion
Earthborne vibrations are caused by construction activities (i.e. roadbed compaction, pile driving, and blasting) and transit (i.e. train, truck, and bus). The stress waves induced by the earthborne vibrations propagate through the ground and may or may not damage nearby buildings and structures. The level of ground and structure vibrations depends on the construction source, geotechnical condition (soil, ground water, and bedrock depth), distance from the source, wave propagation characteristics at a site, and the sensitivity of buildings and structures. The common practices for the vibration control and mitigation measures include: (1) the criteria of vibration limit so that the contractors follow the guideline, (2) preconstruction survey and vibration monitoring so that the performance of contractors can be evaluated, (3) the use of alternative construction methods (i.e. predrilling, jetting, cast-in-place, and pile cushioning methods for pile driving), and (4) wave barrier to reduce the vibration energy traveled through the ground.
The effects of ground vibration are significantly affected by local site condition. In particular, the site condition such as ground water table, soil layers and stiffness, and bedrock depth will determine the site resonance, the characteristics of wave propagation, and soil interaction between the ground and building. These local conditions will determine the level of structure damage. Thus, the recommendations based on this review study are to continue further study on the subject of: (1) the vibration effects and vibration criteria of different structures, (2) the modification of a vibration prediction equation of ground vibration as well as vibration criteria that takes into account of local site conditions, and (3) the development of mechanistic model of dynamic settlement due to earthborne vibration.
